Electrical network analysis of socio-economic systems utilizing graph theory by Lynch, D. D.
General Disclaimer 
One or more of the Following Statements may affect this Document 
 
 This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 
 
 This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 
 
 This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 
 
 This document is paginated as submitted by the original source. 
 
 Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 
 
 
 
 
 
 
 
Produced by the NASA Center for Aerospace Information (CASI) 
https://ntrs.nasa.gov/search.jsp?R=19700011551 2020-03-12T01:16:50+00:00Z
Submitted to the University of New Hampshire
In Partial Fulfillment of
The Requirements for the Degree of
f
ELECTRICAL NETWORK ANALYSIS OF SOCIO-
ECONOMIC SYSTEMS UTILIZING GRAPH THEORY
by
Darrel D. Lynch
S.S., University of New "re, 1968
NG (Q- 50 ^0 4 2 -ash
i
00.
1 Q r
g
, o =
-i
Z'
Y
	
Master of Science
	 134 5 6,,
Graduate Schgol
	
Department of Electrical En	 r
February, 1970
lug
iACKNOWLEDGEMENTS
I would like to gratefully acknowledge the kind assistance
and much helpful advice given to me during the course of this
project by my advisor, Dr. Joseph Murdoch. Without him this
project would not have been possible.
I would also like to acknowledge the large amount of help
and information which was provided by Professor Owen Durgin of
the Resource Development Center. He has made my task much
easier than it would have been otherwise.
TABLE OF CONTENTS
CHAPTER I.....Background and Introduction	 1
CHAPTER II .... Presentation of Model and Justification	 4
CHAPTER III...Results	 11
CHAPTER IV .... Conclusions and Future Work
	 12
Appendix I .... Diagram of Model
Appendix II...ECAP Program and Machine Run
Appendix III..List of Communities of Interest
Appendix IV ... Population Potentials
Appendix V .... Three Categories of Roads from Analysis Data
Appendix VI...Traffic Count Data - Feb., 1966
Avg., 1966
I'
CHAPTER I
BACKGROUND AND INTRODUCTION	 w
There has not been a great deal of work done in the general
area of electrical modeling of socio-economic systems. A good
example of what has been done is Koenig's model of a university's
flow of finances (10)#.
Koenig's paper demonstrates the application of the method-
ology of system modeling developed for physical systems in
establishing a discrete state model of a nonprofit organization
supported by the surrounding community.
One of the larger models which has been done is the outdoor
recreational system model of the state of Michigan by Ellis (5).
Ellis' problem was very similar to the one which we have chosen
to do. He has modeled the outdoor recreational facilities of
the state of Michigan utilizing a linear graph method with nodes
representing recreational areas and links representing connecting
highways. One unique feature of Ellis' system is the fact that
he has actually utilized two separate complete models to repre-
sent his total model. One model is used to represent the
recreational areas themselves while another model is used to
represent the localities from which the users of these facilities
originate. Dr. Ellis also uses a computer solution for his
models which includes the use.of computer mapping.
Two examples of work done in the field of transportation
2a. Traffic Volume Data Analysis (TRAVOL) (9)
ICES TRAVOL is a subsystem for processing, storing, and applying
traffic volume data for the purposes of transportation planning
:and research in an urban, regional, or statewide context.
b. Transportation Network Analysis (TRANSET) (12)
ICES TRANSET I is a processor of transportation network
information. It is designed to provide computerized techniques
which will aid the engineer in solving transportation engineering
problems.
For this research project it is proposed to develop one
particular model of the New Hampshire highway system and then
to thoroughly investigate this model to determine if it will or
will not provide useful information. There are many models
which could be proposed and tested and therefore I feel it to
be important to concentrate on only one model at a time. By
doing this, models may be systematically eliminated until a
satisfactory one is found.
The model proposed consists of a graph with nodes repre-
senting population centers and links representing connecting
highways. This model will represent a D.C. resistive network.
The limitations of the proposed model are as follows:
a. Simplicity. Since there is very little precedent
to fall back on, the first model should be as simple as
possible.
b. D.C. Resistive Network. This goes along with the
simplicity desired (as outlinedpreviously). Later refinements
may include the addition of inductance, capacitance, transients,
etc.
3
e. Number of Nodes. The maximum number of nodes
allowed in the ECAP computer program (8) is 50. If ECAP is to
be used for analysis, as I propose, the number of nodes is then
limited to this figure.
Additional links and nodes may be added as necessary to
refine the model. This provides a valuable research tool as
the model can be changed to simulate such things as the construct-
ion of new highways, etc., and then analyzed to determine the
effects these would have on the actual highway system.
The type of model proposed lends itself easily to analysis
by the IBM ECAP computer program. By using ECAP the model can
be accurately and fully investigated with a minimum of time,
effort, and money.
S
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CHAPTER II
PRESENTATION OF MODEL AND JUSTIFICATION
The model which was finally evolved for investigation is
presented in Appendix I. This final model is the result of
many changes and revisions. The complete ECAP program which
describes the model is in Appendix II.
When the project was first formulated, there were few pre-
conceived ideas of what social system problem to investigate or
how a model for it should be developed. As a starting point
a consultation was held with the Resource Development Center
at the University of New Hampshire to attempt to find a social
systems problem of current investigative interest. After
several meetings with Professors Owen Durgin and William Henry
at the Resource Development Center, it was decided to attempt
to model a mayor portion of the highway system of the state of
New Hampshire.
Thi.-, model would be used to determine the vehicular traffic
flow between communities. The model was then constructed
using as a nucleus of nodes a list of communities of interest
to the Resource Development Center because of their potential
as population growth centers of the state. This list is presented
in Appendix III.
Links, representing existing highways and roads, were put
in to interconnect the nodes. In addition to the nodes for
communities of interest, 3upernodes were provided for Massachusetts,
4
5Maine, Vermont, and Canada. These were to represent maJor access/
egress routes for the state of New Hampshire vehicular traffic.
The initial graph was formed and discussed with the
Resource Development Center, resulting in the following changes
being made:
a. Consolidation of the following communities into
supernodes because of their close physical proximity: (1) Hanover
and Lebanon; (2) Jaffrey and Peterborough; (3) Rochester,
Somersworth, and Dover.
b. Elimination of the supernode for Canada. The
rationale for this is that the bulk of the vehicular traffic
flow between New Hampshire and Canada is through Vermont and
would be included in the Vermont node.
c. Expansion of the number of Massachusetts nodes
from one to three. These three nodes are to represent, approxi-
mately, the geographical areas of (1) Boston, (2) Lawrence-Lowell,
and (3) Worcester. This more reasonably describes the relation-
ship between Massachusetts and New Hampshire.
d. Expansion of the number of Vermont nodes from one
to two, to include the Brattleboro accesv/egress, in addition
to the one at St. Johnsbury.
e. Elimination of overlapping links. Several links
were found to overlap without going through a node at the point
of intersection. These points were found to actually represent
.highway intersections which did not occur at a population.center.
Since this was a physically.unrealistie situation, it was easily
corrected by the addition of zero-population nodes which actually
6represented.intersections in the model. This also had the
incidental effect of changing the graph from non-planar to
planar.
These changes resulted in increasing both the number of
nodes and the number of branches in the model, but the totals
of branches and nodes are still well within ECAP marimum limits.
The next step in development was to determine the para-
meters of the model and their electrical analogs. From a
pragmatic point of view it was necessary to utilize data
which was readily available from the Resource Development
Center and from the state of New Hampshire. The following
data was readily available:
a. population of communities
P P
b. population potential d(E' )
ii
e. vehicular traffic count at specific highway
locations throughout the State
d. general road conditions throughout the state
e. distances between communities
f. retail trade information
(1) number of business establishments
(2) total yearly sales by busines type
(3) types of businesses in each community
The problem at this point was to decide which of the above,
if any, could be used as parameters to determine vehi.-ular
traffic flow.
Before proceeding further I would like to explain a little
about the data item called "population potential" in the list
above. This quantity is defined as:
iI
n PiP
ij
where:
Qi • population potential of community i
Pi • population of community i
P,, = population of community 3
di3 • airline distance between communities i and j
This summation is taken over every community in the state.
The electrical analog desired is simply that of Ohm's Law
(E-IR). Since traffic flow can logically be likened to current
flow, it will represent "I" and be the unknown in the equation.
This leaves voltage potential (E) and resistance (R) to be
defined.
It seemed logical to use either population at a node or
population potential (Qi ) at a node to represent voltage poten*!al.
It was decided to use the population potential quantity for
voltage due primarily to the fact that the Resource Economics
Department has found this quantity to be one of the most useful
indices in predicting, population-related social phenomena (14)*.
An appropriate sealing factor was used to make the sources a
realistic numerical quantity.
.In the preliminary ECAP computer runs these "voltage sources"
were inserted in each branch in the following manner: the
voltage sources for each pair of nodes associated with a branch
were added together to form a total branch voltage source. This
*See Durgin, "New Hampshire Regions ,"- New Hampshire Division of
Resources and Economic Development, pp. 7ff.
S8
was done without regard to polarity which is one reason why the
initial computer runs raised enough questions for the model to
be considered unsatisfactory.
The method of inserting the voltage sources was then changed
so as to accurately tie down the pctential at each node to the
value of the node's voltage source. The primary advantage of
doing this was the complete elimination of any question of
polarity. The method used made polarities meaningless so they
could then be ignored.
The method of inserting voltage sources consists of adding
another branch at each node which contains the voltage source
and an insignificantly small resistance (ECAP will not accept
a zero resistance in a branch). This braich runs from the node
to an artificial ground node and therefore serves to effectively
stabilize the node voltage at the voltage level of the source.
Once the problem of sources was resolved, the pa-ameter
remaining to be defined was that of resistance. As with other
parts of this problem there are many possible options to be
considered in determining the resistance parameter.
Basically, resistance is defined as:
R = pl , where
A
R = resistance
p = resistivity
1 = length
A - cross-sectional area
9Initially I decided to attack the problem as follows:
Let R s
 ki, where k
	 A
Then if k-is arbitrarily made unity,
R t = mileage
The next step was to run the program and, using already
available data on traffic flow, try to determine "k" in the
equation above.
An alternative would be to assi a value for "A" in the
resistance equation based on the highway and then try to
determine a value for "p" based on computer results for current.
A third alternative is to use actual driving time between
nodes as resistance. This quantity should include all factors
which make up resistance and should be an accurate quanta`;.
This was not done due to non-availability of data.
A fourth alternative is to plug in the actual traffic
count figures as currents and use ECAP to solve for the
resistance. An attempt could then be made to analyze these
resistance values to determine their actual composition. This
could not be done due to lack of traffic count figures for
many highways.
The results of the analysis of this model are presented in
the next chapter.
Parenthetically, it should be noted that, if the correct
parameters can be identified, this model can be used to solve
problems other than vehicular traffic flow. Examples of
possible problems are (1) the flow of commerce and trade between
10
communities and (2) population flow between communities. However,
the vehicular traffic flow problem seemed to be a good choice
to test the model since actual traffic count figures from the
state of New Hampshire are readily available. Comparison of
experimental results with actual data is an excellent way to
test the validity of the method and the model.
_s
11
CHAPTER III
RESULTS
The results of the ECAP analysis of the model are presented
on the attached sheet in tabular form.
The items presented include the current in selected
branches along with the traffic flow vs. current ratio. This
data is presented for several conditions of out-of-state node
potentials. The results do not vary to any degree no matter
what potential at which the out-of-state nodes are set. The
low, medium, and high settings for these nodes are arbitrary
figures and . bracket the full span of quantities used elsurhere
in the program. The data items which are labeled with the
name of an out-of-state node were obtained by setting all
other out-of-state nodes equal to zero and the one mentioned 	 `
to a nominal value.
The traffic data for 1966 was used because that is one of
the years for which population data is available. February
is the low traffic month of the year.
This data is analyzed and discussed in Chapter IV.
The complete ECAP program and computer analysis of the
model are included in Appendix II.
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CHAPTER IV
CONCLUSIONS AND FUTURE WORK
The results of the analysis of this model indicate that
the model is unsatisfactory in its present form. The model
merits some further investigation, but unless the problem
areas outlined below can be resolved, a new, and probably
significantly different model, will need to be devised.
A principal problem area is a conflict between net current
flow and t e)tal traffic flow. The ECAP analysis solves for
the net current flow in a branch, i.e'. the difference between
positive and negative currents flowing between-nodes. The
traffic count data, in contrast, represents the total traffic
in a branch, i.e. the sum of "positive" and "negative" traffic
flows between nodes.
Analysis of the traffic flow vs. current ratio (as presented
in Chapter III), clearly shows three categories, or groups, of
roads (among the branches analyzed). A listing of the highway
segments in these groups is included as Appendix V to this
report.
For example, the traffic count vs. current ratio for an
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adjusted average day in February, 1966* (with the potentials of
the out-of-state nodes set equal to zero and using R=L for all
roads), separates into the three following distinct groups:
1. 80 - 200
2. 1100 - 3100
3. 65,000 - 68,000
These ratios represent Actual Traffic/Computed Current.
It can be shown that another way of expressing this ratio, with
kLT' .
T' i representing actual traffic count, is
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This is quite a significant development and should be
thoroughly investigated. On a first analysis it would seem that
these categories would represent "grades" of roads corresponding
to "resistance", or difficulty in traveling on these roads.
A comparison of these figures with known road conditions
seems to bear out this assumption. The group with the largest
ratios represents low-current branches, which in turn represent
high-resistance (and/or low-voltage) branches due to Ohm's Law.
(*Traffic count data for the month of February, 1966, was used
in this analysis since it represents the low traffic count of
the year and thus the out-of-state nodes can be logically set
equal to zero. This was tested and proved true. Ratios in
Chapter III when out-of-state nodes were not zero were not
significantly different from those when they were zero. This
is due to the fact that in this model each node is "tied" to
a definite potential; and varying any nodal potential, including
the out-of-state nodes, only affects current flow in the
branches directly connected to that node.
The year 1966 was used because this is one of the years for which
population data is available:)
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An analysis of these ratio groups shows that the roads represented
by low-current branches are actually difficult-to-travel roads,
while those represented by low ratios (high current) are for
the most part multi-lane easily traveled roads (refer to list
in Appendix V).
The exception to the above is that the branches which have
a zero-population highway intersection for one node (e.g., Branch
32 and Branch 13) fall in a resistance category much higher
than they should be. The only reasonable explanation for this
lies solely in the differences in nodal potentials across the
affected branches. As pointed out earlier, the ratio
T' _^
 . 
= T' i kLi . - T' i.kLi]
ij	 i - j	 eQ
where eQ = Qi - Q. j = ev
The range of ev for each group is as follows:
1. 200 - 775
2. 30 - 105
3. 0.7 - 1.6
These ev's easily account for-the separation of the various
groups. The zero-potential node affects these 4v's by making
either Qi or Qj equal to zero.
Utilization of a resistance multiplier of 1, 2, or 3 to
indicate general ease of travel over each road and highway.(see
Chapter III) did not provide any conclusive results. The three
categories of highways remained intact, but the ratios became
is
more widely scattered. This was to be expected, since the value
TlijkLii
for "k" in the ratio	 was being assigned a value of
7i-Q7it 2, or 3 instead of being kept at 1 as it had been previously.
Since the higher resistance roads were assigned the values of
2 ar.d 3, and since the ratios for these roads were already the
largest ratios, these ratios naturally became larger and diverged.
This indicates that this method of resistance adjustment is not
valid. A more appropriate method to try would be the use of
resistance scaling factors which would merge all three ratio
groups into one group. These factors would probably be divisors
and could be selected to force the ratios to converge to any
desired quantity.
However, I feel that additional effort toward adjusting
the resistance values would be of little use at this time.
This model has serious deficiencies which should be resolved
first.
In addition to the conflict between net current flow and
total traffic flow discussed earlier, another major problem
has resulted from-the decision to "tie down" the potential at
each node to the value of the population potential at that node.
Although this procedure eliminates the problem of determining
the meaning of polarities in the various current flows, it
presents the very serious problem of "fixing" the current flow
in each branch completely independent of variations in other
branches. For example, changing the out-of-state node potentials
from zero to a very large value has virtually no effect on the
current flow in any branch except the ones containing the out-of-
state nodes. This is due to Ohm's Law in that the current
16
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_ Qi Qsolved for in each branch is: I = EE Qi - i 	 As just explained,ij
Qi and Q j (as well as k and Lij ) are fixed quantities for each
branch and therefore almost complete isolation exists between
branches.
I feel that this model has been reasonably thoroughly
investigated and, while satisfactory'results were not obtained,
much knowledge and insight into the problem were gained. This
investigation can easily form a sound basis for development of
a "second-generation" model.
Future Work:
1. Resolve the problem of net current flow vs. total
traffic flow. This may require the use of two separate models,
one for computing "negative" current and one for computing
"positive" current. I am using the terms "positive" and "negative"
in an arbitrary sense to indicate that the total current in a
branch is made up of two components; one flowing from node i
to node j and the other flowing from node j to node i.. The
total current is then the algebraic sum of these two components.
If a method could be developed to solve for these two
components separately, then the sum of their absolute values
would correspond to the traffic count figure.
Until this problem is resolved, this model is of little
value.
2. Resolve the problem of "fixing" the node voltages and
{hereby isolating the branches from each other. This would
require a different method of inserting voltage sources so that
the node voltages could "float" and therefore be responsive to
s
Is
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changes throughout the entire system. This then presents :he
problem of determining polarities for the sources and the location
in the graph where they should be inserted. They are now
inserted between the respective nodes and ground, in,series'with
a very small resistance. They could be inserted between the
nodes and this is where the polarity problem comes in. This
problem should be resolved in conjunction with the problem
outlined in Paragraph 1 above.
3. Consider the use of factors other than those already
used in this project; such as volume of retail trade, number
of vehicles registered in a community, etc., as p:Arameters in
solving the graph.
4. The zero-population highway intersection nodes and
out-of-state nodes must be restudied to determine their actual
effects and what improvements could be made in their represent-
ation. Eliminating the fixed node voltages would be a help in
this item.
S. The traffic terminating at a node vs. traffic simply
passing through a node must be represented in the model. This
requires exploring network flow analysis techniques (which are
beyond the scope of this report) as outlined in Chapter 7 of
Busacker E Saaty (3).
i
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APPENDIX I-
DIAGRAM OF MODEL
I
II
ACHINE RU3d
APPENDIX III
LIST OF COMMUNITIES OF INTEREST
Colebrook
Berlin
Lancaster
Conway
Littleton
Hanover
Lebanon
Plymouth
Rochester
Somersvaorth
Dover
Laconia
Concord
Claremont
Newport
Keene
Portsmouth
Manchester
Hampton
Plaistow
Salem
Nashua
Milford
Jaffrey
Peterborough
APPENDIX IV
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APPENDIX V
THREE CATEGORIES Or ROADS AS DETERMINED
FROM A14ALYSIS Or ECAP DATA
CATEGORY 1 - Low Resistance
Branch 42 - Highway 101A - Nashua to Milford
"	 28	 it 	 - Concord to Manchecter
1
"	 39 - F.E. Everett Tpke - Manchester to Nashua
"	 41 - Highway 101 - Manchester to Milford
CATEGORY 2 - Medium Resistance
Branch 12 - Highway 16 - Rochester to Conway
Branch 20 -	 "	 103,89 - Claremont to Concord
it
-
	
if
- Keene to Jaffrey-Peterborough
it
	 32 -	 if - Portsmouth to highu ay intersection
CATEGORY 3 - high Resistance
Branch 2 - Highway 3 - Colebrook to Lancaster
11
	 -	
it
	 - Littleton to Plymouth
It
	 -	
it
	 - Plymouth to highway intersection
APPE14DIX VI
TRAFFIC COUNT DATA - FEB.; 1966
AVG., 1966
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